Palladium activation on dc magnetron sputtered tantalum and tantalum nitrides (TaN x ) for autocatalytic electroless copper deposition has been investigated with various nitrogen content by using X-ray diffraction, sheet resistance measurement, field emission scanning electron microscopy ͑FE-SEM͒, plan view transmission electron microscopy ͑TEM͒, and X-ray photoelectron spectroscopy ͑XPS͒. The addition of a small amount of nitrogen induced a phase transformation of as-deposited TaN x films. As the nitrogen flow rate was increased, the electrical resistivity of the as-deposited TaN x films initially decreased for nitrogen flow rate up to 10 standard cubic centimeters per minute ͑sccm͒ followed by an increase for a nitrogen flow rate above about 20 sccm. FE-SEM and plan view TEM analyses showed that the density of palladium nuclei increased with nitrogen content. In contrast, the grain size of TaN x films decreased with increasing nitrogen flow rate. XPS results of palladium-activated TaN x films showed that no chemical shift of metallic palladium peak was observed after the activation process. Copper is being widely used in advanced ultralarge-scale integration ͑ULSI͒ metallization processes as a replacement for aluminum due to its lower resistivity and higher electromigration resistance.
Copper is being widely used in advanced ultralarge-scale integration ͑ULSI͒ metallization processes as a replacement for aluminum due to its lower resistivity and higher electromigration resistance. 1, 2 Copper can be deposited by electrochemical deposition ͑ECD͒ on a copper seed layer, which is deposited by physical vapor deposition ͑PVD͒. The ECD process has the advantages of low cost tool and low processing temperature compared with PVD and chemical vapor deposition ͑CVD͒ 3 processes of copper. Nevertheless, the ECD process requires a thin copper seed layer, formed by PVD, in order to minimize the IR drop caused by high resistivity of diffusion barriers, which otherwise leads to uniformity problems in wafers during the plating process. The larger the wafer, the more serious the problem will become. Thus, it is necessary to solve these problems by developing a proper plating process of copper.
Electroless copper plating does not require a copper seed layer. Copper can be deposited on a catalytic surface from an ionic solution without any external power supply by electroless plating. 4, 5 The electroless copper reaction is an autocatalytic reaction. This means that once there is an initial layer of copper, the reaction continues indefinitely. Since the surface on which electroless copper is deposited is not catalytic, an activation process is usually required to start the electroless reaction. 6 Gold, platinum, or palladium provide the necessary catalytic qualities for reliable electroless copper deposition, and thus the activation process is a key process for successful copper electroless plating.
TaN x (x ϭ 0 Ϫ 1) has been extensively investigated as a diffusion barrier for copper interconnection due to its high melting temperature and stability against reaction with copper. 7, 8 Furthermore, the copper/TaN x interface provides excellent adhesion characteristics, and copper films in situ deposited on TaN x have stronger ͑111͒ texture than those on TiN under the same conditions. 7 Nevertheless, there have been only a very limited number of reports on the use of TaN x barriers for electroless Cu plating.
In this paper, palladium activation on sputtered TaN x for autocatalytic electroless copper deposition was investigated in terms of nitrogen flow rate.
Experimental
The substrates used in this study were boron-doped p-type Si͑100͒ wafers on which a 2000 Å thick plasma-enhanced CVD ͑PECVD͒ oxide was deposited. A 500 Å thick TaN x barrier layer was deposited by dc magnetron sputtering with various gas flow ratios of nitrogen/argon. The nitrogen/argon flow ratio was varied by adjusting the nitrogen flow rate in the range of 0 to 28 standard cubic centimeters per minute ͑sccm͒ while maintaining the argon flow rate at 50 sccm. The wafers were cleaned by sequential immersion in an ultrasonic bath with acetone, methanol, isopropyl alcohol, and diluted HF solution and rinsed in deionized water before the activation process. This treatment removed organic contaminants and the native oxide. A solution containing PdCl 2 , HF, HCl, glacial acetic acid, and ethylenediaminetetraacetic acid ͑EDTA͒ was used to activate the surface as summarized in Table I . The bath temperature and time of the activation process were 70°C and 100 s, respectively. The pH of the activation solution was controlled by HCl concentration in the range of 2-3.
Crystallinity of the as-deposited TaN x barrier films was investigated by grazing incidence X-ray diffraction ͑GXID͒, where the incident angle was fixed at 2.5°. The electrical resistivity of the as-deposited TaN x films was measured with a four-point probe. Surface morphology and density of palladium nuclei were investigated by field emission scanning electron microscopy ͑FE-SEM͒, and plan view transmission electron microscopy ͑TEM͒ was used to examine the crystal structure of TaN x barriers. The chemical composition of TaN x films and palladium nuclei after activation were analyzed by X-ray photoelectron spectroscopy ͑XPS͒ using monochromatized Mg K␣ radiation and peak positions were calibrated with respect to C 1s peak at 284.5 eV. Figure 1 shows the X-ray diffraction ͑XRD͒ patterns for the phase evaluation of the as-deposited TaN x barriers with various nitrogen contents. Addition of a small amount of nitrogen resulted in a phase transformation of TaN x films. As the nitrogen flow rate increases from 0 to 10 sccm, the phase of the TaN x barriers partially transformed from ␤-Ta 9 to body-centered cubic ͑bcc͒-Ta. 10 Further increase of the nitrogen flow rate from 10 to 20 sccm resulted in a 11 which had a broad peak with the full width at half maximum ͑fwhm͒ of 4°. This result implies that those films are composed mainly of an amorphous phase. TaN phases 12 are observed for the TaN x films with 28 sccm of nitrogen content. All of the patterns in this figure are shown to be correlated well with other published results on phase formation induced by changing the nitrogen flow rate. [13] [14] [15] In contrast to prior reports, no distinct Ta 3 N 5 diffraction peak is observed up to 28 sccm of nitrogen flow rate in our experiment.
Results and Discussion
The changes in electrical resistivity of the TaN x films as a function of the nitrogen flow rate are shown in Fig. 2 . The film resistivity was measured at a constant thickness of approximately 50 nm. The resistivity of the film initially decreased from 182 to 121 ⍀ cm as the nitrogen flow rate was increased to 10 sccm. The decrease with the addition of a small amount of nitrogen can be ascribed to the transformation of TaN x from ␤-Ta to a bcc-Ta structure as shown in Fig. 1 . It is reported that the electrical resistivity of ␤-Ta is higher than that of bcc-Ta, 13, 15 so the increased fraction of bcc-Ta phase in the TaN x films may account for the decrease in the electrical resistivity. The resistivity slightly increases to 260 ⍀ cm as the nitrogen flow rate is increased to 20 sccm. Moreover, as the nitrogen flow rate is further increased to 28 sccm, the resistivity drastically increased to about 70,000 ⍀ cm due to the formation of facecentered cubic ͑fcc͒ TaN. This resistive film is not acceptable for use as a diffusion barrier. XPS analyses were performed to investigate the chemical states of tantalum in the TaN x films after palladium activation as shown in Fig. 3 . Increasing the nitrogen flow rate from 0 to 28 sccm causes the Ta 4f 7/2 peak to shift from 21.1 to 23.2 eV due to the formation of nitride as shown in Fig. 1 . This is the same as the result acquired for TaN x films before activation. 16, 17 These results imply that the chemical shift of the Ta 4f 7/2 peak is not caused by binding with palladium during activation but by the formation of a nitride. Figure 4 shows FE-SEM images of palladium-activated TaN x barrier films grown under various nitrogen flow rates. All the films were exposed to the same activation conditions. Palladium islands are seen in the TaN x barrier films after 100 s immersion in the activation solution. The density of palladium nuclei is increased for film grown with larger nitrogen flow rates. For the film grown with a 28 sccm of nitrogen flow rate, the nuclei density is approximately 1 ϫ 10 10 /cm 2 as shown in Fig. 4d . More uniform and dense electroless copper films are expected to be acquired for this TaN x film because of the high density of the palladium nuclei. The size of palladium nuclei also decreased with increasing nitrogen flow rate. After 100 s of activation, nuclei 30 to 40 nm in diam were observed for TaN x films grown under 28 sccm of nitrogen. In order to investigate the effect of the microstructure of TaN x barrier films on the palladium activation, plan view TEM micrographs with selected area diffraction ͑SAD͒ patterns of the palladium activated films at various nitrogen flow rates are shown in Fig. 5 . Palladium nuclei can be seen in TaN x films as marked in the figures. The SAD pattern shows that pure tantalum film in Fig. 5a has only ␤-Ta structure in accordance with the XRD pattern and the plan view TEM image shows that grain size is 40-50 nm in diam. Figure 5b shows the bright field image and SAD pattern of TaN x film grown with 10 sccm of nitrogen flow rate. The SAD pattern shows that the film is composed of ␤-Ta and bcc Ta. The grain size is decreased to 10-20 nm. Figure 5c shows the TEM bright field image and SAD pattern of TaN x film grown with 20 sccm of nitrogen flow rate. These show that the film mainly consists of an amorphous phase with a small fraction of Ta 2 N phase. These results also agree well with those of XRD. The bright field image and SAD pattern of 28 sccm of nitrogen flow rate are shown in Fig. 5d , which show the formation of a crystalline fcc phase with a grain size below 10 nm. The interplanar spacing of the SAD pattern is found to be in accordance with the fcc structure. As the nitrogen content is increased, the density of the palladium nuclei increased along with the decreasing grain size of the diffusion barrier layer ͑except for the case of TaN x film with 20 sccm of nitrogen flow rate, which shows mainly an amorphous phase͒. Therefore, it is suggested that the density of the palladium nuclei is affected by the grain size of TaN x film with the grain boundaries exerting an important role in the nucleation process. Further investigations are under way. Figure 6 shows XPS spectra and deconvolution of the Pd 3d 5/2 for palladium-activated TaN x barriers as a function of the nitrogen content. In all cases, no chemical shift of metallic palladium peak was observed, which indicates that palladium nuclei on TaN x films by activation are in the metallic palladium Pd͑0͒ state. Deconvolutions of Pd 3d 5/2 peaks show that the largest component was at about 335.2 eV, representing more than 75% of the total peak area, which is consistent with Pd in the zero valence state literature value. 18 The peaks located at about 336.5 and 338.0 eV are assigned to PdO and PdO 2 , respectively. The sum of the peak area of PdO and PdO 2 is less than 25% of the total peak area, being independent of the nitrogen flow rate. In this experiment, as the palladium-activated TaN x films were exposed to air before XPS analyses, it is not clear whether the formation of the palladium oxides was due to the activation process or not.
Conclusions
We investigated the palladium activation on TaN x films prepared with various nitrogen flow rates. XRD results showed that the addition of a small amount of nitrogen induced a phase transformation of the as-deposited TaN x films. As the nitrogen flow rate was increased to 10 sccm, the electrical resistivity of the as-deposited TaN x films initially decreased, while further increase in the nitrogen flow rate resulted in an increase in the electrical resistivity of films. FE-SEM and plan view TEM analyses showed that the density of palladium nuclei increased with increasing nitrogen flow rate. On the other hand, the grain size of TaN x films was decreased with increasing nitrogen flow rate except for TaN x films with 20 sccm of nitrogen flow rate, which consists mainly of amorphous phase. Therefore, it is suggested that the density of palladium nuclei is affected by the grain size of TaN x film. XPS results of palladium-activated TaN x films showed that no chemical shift of metallic palladium peak was observed, which indicates that palladium nuclei on TaN x films by activation process are in the metallic palladium Pd͑0͒ state. 
